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NE OF the interesting features of the renal circulation is the kidney's ability to regulate blood flow autonomously.
In spite of large changes in renal arterial pressure, resistance appears to be adjusted in such a way that flow is altered relatively little, e.g. by carotid sinus manipulation, aortic clamping, and CO2 breathing.
This faculty of the kidney was described in 1929 by Rein and Rossler (I), and later by others (2) (3) (4) (5) in experiments using the thermostromuhr with concomitant measurements of systemic blood pressure. Opitz and Smyth (6) found that denervation did not alter this attribute of the kidney. Pressure/flow curves reported by Selkurt (7) showed that flow was only slightly influenced by changes in perfusion pressure above a critical pressure of go mm. Hg, but below this it dropped rapidly with pressure. Since renal arterial pressure was decreased by progressive constriction of the aorta, changes in pulse pressure could not be controlled.
Moreover, aortic clamping which according to Hooker (8) has a marked effect on renal flow might conceivably cause reflex changes in renal vascular tone. In perfusion of the isolated kidney with a somewhat different technique, Batten et al. (9) found linear pressure/flow curves in all but one of nine isolated kidneys. In both of these studies flow was measured by intermittent collection of venous outflow.
It was decided to reinvestigate the pressure/flow relationships of the kidney by a method which detected transient changes in flow and in which pulse pressure variations could be controlled and their effects analyzed.
METHODS
Pressure and flow were regulated and measured by use of an external perfusion circuit containing a continuously recording optical rotameter and a pump. Figure  I contains a diagram of the apparatus employed. Blood from the carotid artery entered canlzula C. Through tygon tubing g mm. in internal diameter it passed to an elastomold tube (A) 9.5 cm. long and 3 cm. wide. A motor-driven rotating cam compressed this tubing 120 times a minute. With the aid of valves this propelled the blood forward and produced a pressure pulse. The output of the pump was controlled by adjusting the stroke of the cam with a positioning screw (B) acting on the chassis of the motor. Two air-filled compression chambers (D1 and 02) controlled by damps 3 and 5 permitted changes in pulse pressure without altering the stroke of the pump. Pulse pressure and mean pressure could be further modified by adjusting outflow resistance with clamp 6. Clamp 2 was ordinarily closed, but when large pulse pressures were desired at low mean pressure levels it was partially opened so that a portion of the outflowing blood was shunted back through the pump. When direct perfusion of the kidney at carotid arterial pressures was desired, clamps 1 and 4 were closed and clamp 2 was opened.
After passing by the second air chamber (D,) blood flowed through an optically recording rotameter described by Shipley (IO). Small changes in flow could be detected in a continuous record since a change in flow of 2 to 3 cc/minute caused a r-mm. deviation of the galvanometer beam. Leaving the rotameter, blood passed to the renal artery through cannula R. The resultant perfusion pressure near the renal artery was recorded with a calibrated Gregg manometer of appropriate natural frequency and sensitivity. Frequent calibration of the rotameter was achieved by deviating all blood flowing through the rotameter through a circuit to the femoral vein. This was done by closing clamp 8 and opening clamp 7. Clamp 9 was opened simultaneously so that the kidney was adequately perfused with blood derived from a femoral artery. Individual calibrations were then made by shunting flow to a graduated cylinder (Cy) for a time interval which was accurately signalled on the photographic paper alongside the corresponding deviation of the rotameter beam. Complete calibration of the rotameter was performed before and after each experiment.
Twenty-one successful experiments were performed on dogs weighing from II to 30 kg. They were usually anesthetized with 30 mg/kg. of sodium pentobarbital, but in several experiments with 5 cc/kg. of a solution of IO per cent urethane and 2 per cent chloralose. Supplementary doses were given as needed. The left kidney was approached retroperitoneally through an incision just below the twelfth rib. A I-cm. length of the renal artery was exposed. Coagulation of blood was prevented by initial doses of 5 "g/kg. of heparin sodium or 25 mg/kg. of Paritol3 with main- figure I was filled with saline and the appropriate cannulas were inserted in the carotid arteries and the femoral vein and artery. Then the renal artery was cannulated in such a way that renal blood flow was not interrupted for more than I to 3 minutes. There was an interval of one-half to one hour between surgery and the beginning of the experimental proceedings. At the completion of each experiment the experimental kidney was weighed to the nearest half gram. Flows were then expressed as cubic centimeter per minute per gram-kidney in all instances in which comparisons from one experiment to another were made. The zero reference level for all pressures was the renal artery. The experiments were varied in a second group by decreasing arterial pressure while measuring flow of blood from the renal vein. An external circuit was established between the cannulated left renal vein and a sound inserted into the superior vena cava via the left jugular vein. The sub-atmospheric pressure within the chest compensated for the pressure drop across the rotameter so that venous pressures were within the normal range. An aortic tourniquet just above the left renal artery was used to vary the arterial perfusion pressure. This pressure was measured by 
RESULTS

Effect of Pulse Pressure Variation
on Renal Blood Flow. In preliminary experiments pulse pressure was altered by introduction of the compression chambers without change in mean pressure. Figure 2 illustrates some of the results. From n to B pulse pressure was 7 mm. Hg. At B pulse pressure was increased to 25 mm. Hg without change in mean pressure. Throughout the record, flow fluctuated with the mean pressure but was absolutely unaltered by changes in pulse pressure. The second portion of the record was taken 4 minu:es later after the pulse pressure had been further increased to 31 mm. Hg. From D to E flow dropped slightly due to a decrease in mean pressure. At E the pulse pressure was reduced to 6 mm. Hg with no significant effect on flow. At F flow had again risen with mean pressure to the level exhibited at D. Nine similar experiments on four different dogs also showed no change in flow immediately following alterations in pulse pressure.
The possibility that gradual changes in pulse pressure over longer periods of time might affect flow was then examined. Figure 3 shows graphs of two representative experiments in which alternate periods of small and large pulse pressures varying from 5 to IO minutes in length were compared. The magnitude of the pulse pressure in mm. Hg is shown under each segment of the line. The lower line shows data from an experiment in which flow remained steady for 25 minutes in spite of changes in pulse pressure. The upper line shows similar data from an experiment in which larger flows were seen. Spontaneous variation in flow occurred but they could not be related to the changes in pulse pressure. Three other experiments of the same kind failed also to show any influence of pulse pressure variations on renal blood flow.
In a third group of experiments large and small pulse pressures were created at various mean pressure levels with the aid of the pump. Large pulse pressures varied from 20 to 65 and small pulse pressures from o to 20 mm. Hg. After stabilization of flow had occurred at each level, optical records were obtained. The resulting data were then plotted as mean pressure against flow. Figure 4 shows that there was no systematic deviation of the points obtained with small pulse pressures from those obtained with large pulse pressures. This was true throughout the wide range of renal resistance exhibited in four different kidneys, regardless of the contour of the pressure flow curves. ,dq./--33 In attempting to assess the pressure/flow relationships in the renal circuit, the autonomous adjustments of flow which take place after altering mean pressure must be taken into consideration. To do this, continuous records were taken during clamping of the perfusion tubing and after its release. Figure 5 is such a record. Arterial pressure was reduced between points A and B. About IO seconds after reduction of pressure (B and C) flow increased toward control while pressure fell slightly. Fifty-eight seconds after clamping (D), flow had risen to the control level even though perfusion pressure had decreased. When pressure was suddenly elevated at E, perfusion pressure returned to a level near control, but the flow markedly overshot control values for about I I seconds (E to F). Thereafter, flow remained at steady levels somewhat above the initial control (G and H). Figure 6 shows a similar experiment in the same dog after a more marked reduction in perfusion pressure. Again flow increased for I minute after clamping (B to D) despite further progressive fall in perfusion pressure. Sudden release of clamping at E again resulted in flow greatly in excess of control. In addition to a brief early rise and fall (E to F) similar to that seen in figure 5 , a persistent hyperemia lasting 2; minutes supervened before return to control flow (G, H. 2nd I).
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Analysis of seven experiments in which records of this type were obtained revealed that the brief overshooting always occurred. It therefore seemed likely that this was due to a persistence of the state of reduced resistance that developed during clamping as well as perhaps to the diversion of several cubic centimeters of blood to the filling of the larger elastic vessels. Persistent hyperemia was seen only when flow was drastically reduced to less than 1.3 cc/min/gm. This required a reduction in A-V perfusion gradient to less than 65 mm. Hg. The autonomous adjustments of resistance following reduction in perfusion pressure would have profound effects upon the shape of the pressure/flow curves constructed from instantaneous measurements. This is shown in figure 7 by plotting pressure/flow relationship derived from figures 5 and 6, and one additional clamping performed at the same time. Points B were obtained by plotting the relationships seen immediately after clamping (points B in figs. 5 and 6). These defined a curve to the right of and more linear than that drawn between the points D which show the pressures and flows existing I minute after clamping (points D in figs. 5 and 6). These adjustments occurred in the majority of kidneys that exhibited normal flow. In all kidneys with grossly subnormal flow and in a few with fairly normal flow curves were linear and no adjustment took place.
In any attempt to construct pressure/flow curves, the contributions of these adjustments in resistance must be defined and controlled. The collected curves now to be described were obtained by permitting an adequate time interval to elapse for flow to become stabilized at the new level of perfusion pressure. Since continuous records showed that the major part of the adjustment occurred in 30 seconds a 2-minute interval after clamping was deemed adequate.
The pressure/flow curves obtained in this manner on different dogs unless otherwise indicated are assembled in figure 8 . points from the mean curve never exceeded 0.2 cc/min/gm. The symbol A opposite a curve indicates that arterial inflow was measured, while V indicates that venous outflow was measured. The curves were separated into two main types. The first type, shown on the left of figure 8, was obtained from kidneys that showed flows of 2.2 to 4.4 cc/gm/min. at a pressure of IOO mm. Hg. In these, flow dropped only slightly or not at all as pressure was reduced from normal levels to about 80 mm. Hg. Between perfusion pressures of 60 and 85 mm. Hg, however, flow began to drop more rapidly. This portion of the curve therefore became prominently concave to the pressure axis. The second type of curve, shown on the right in figure 8 showed minimal concavity to the pressure axis, or they were linear. With two exceptions, these were obtained in kidneys which exhibited subnormal flows. Most of these were obtained when spontaneous increase in resistance had occurred after several hours of perfusion. It is of interest that a kidney which might originally be characterized by a curvilinear plot could later show a linear plot when resistance to flow had markedly increased. This is demonstrated by the curves labeled A, -E and A, -L obtained from the same kidney, the former early and the latter 3 hours later shortly after phlebotomy of 300 cc. of blood.
In a number of experiments, considerable attention was paid to the arterial perfusion pressure at which all flow ceased. This value will be referred to as the zero flow intercept and is analogous to the terms 'yield pressure' (II) and 'critical closing pressure' (12) used by other authors. A tabulation of all those instances in which it was actually measured following complete occlusion of the perfusion tubing
is given (table I) . The average value was 10.7 mm. Hg. Although of questionable importance in the kidney, collateral circulation was not excluded in any but the last three experiments. In these, the kidneys were completely isolated following double ligature of all attachments except the renal artery, renal vein, and ureter. Then both renal artery and vein were cannulated to permit measurements of A-V pressure differences. It can be seen in all experiments that there were marked changes in resistance to flow with no change in the zero flow intercept. This suggests that critical closing pressure is not a valid indication of vascular resistance in the kidney under the conditions of these experiments and fails to confirm findings of Nichol et al. (13) for the hind leg. Since there can be no flow until intrarenal pressure is exceeded, these data would further indicate that the grossly different degrees of resistance seen in the curves are due to vasomotor changes rather than a gradual increase in intrarenal pressure during an experiment. 
DISCUSSION
While earlier workers had stressed the importance of pulsatile streams in perfusion experiments, the concept that renal flow is modified by changes in pulse pressure at constant mean pressure gained currency as a result of studies by Hooker (8) on the perfused isolated kidney. However, Gesell (14) was not able to establish significant effects of pulse pressure changes on renal flow in viva. The experiments reported confirm this viewpoint not merely in the case of abrupt immediate changes in pulse pressure, but also for periods as long as 15 minutes after such changes. The present experiments do not wholly exclude the possibility that impedance of lymph flow such as McMaster and Parsons (I$ observed in isolated rabbit ears with nonpulsatile streams may have caused edema. Rut edema could not have been very marked after several hours of perfusion at small pulse pressure because the zero intercept (yield pressure) of press&e/flow curves showed no material shift.
In normal ranges of flow, curves resembled those reported by Selkurt (7) in that they were concave-to the pressure axis. Linear curves were usually found when resistance to flow was high, but in several instances also when resistance was low.
mean pressure resistance rapidly reached a minimum value which remained fairly constant at pressures less than approximately 65 mm. Hg. In evaluating the mechanisms responsible for such changes in vascular resistance with variable arterial pressures it is important to discount purely physical factors before active vascular changes are invoked. The possibility that changes in arterial pressure affect glomerular filtration and viscosity is excluded by observations of Selkurt and co-workers (16) that the rate of glomerular filtration changes relatively little in ranges above 80 mm. Hg where resistance deviates the most. These combined observations would also appear to localize the resistance changes in the afferent glomerular vessels.
Swann and Prine (17) reported recently that intrarenal pressure varies directly with arterial pressure. The possibility must be considered that such a steadily increasing intrarenal pressure may be added to intrinsic vascular resistance as arteria 1 Fig. 8 pressure rises. Theoretically, this could convert linear pressure/flow relations to a curve concave to the pressure axis. Such an hypothesis fails to explain the localization of resistance changes in the afferent glomerular vessels and would result in a smoothly rounded curve rather than one which frequently consisted of two linear portions with an abrupt transition ( fig. 8) .
By elimination, reactive vascular changes are strongly suggested. Concerning their nature and activating mechanisms we can only speculate. The possibility that glomerular intermittency is concerned is not consonant with observations of Shannon and Fischer (18) that glucose Tm is affected very little by partial clamping of the aorta. The concept that aglomerular shunts open as arterial pressure lowers is not supported by observations that glomerular filtration rate remains relatively constant within the ranges of pressure where most marked alterations in resistance occur. Therefore adjustments in caliber of afferent arterioles remain the most acceptable hypotheses.
A system for perfusing a dog's kidney in situ with independently variable mean and pulse pressures and for measuring the rates of arterial inflow over prolonged periods is described. The results failed to reveal that changes in arterial pulse pressure per se have any effect on renal blood flow. The renal vessels (kidney in situ) show prolonged and significant autonomous variations in resistance following abrupt changes in arterial pressure which are not due to pulse pressure changes. Such adjustments in vascular resistance must be taken into consideration in establishing pressure/flow relations experimentally. When pressure/flow curves are plotted after pressure stabilization they usually resemble those previously reported in that they are concave to the pres-sure axis in ranges of pressure above 80 mm. Hg. Linear curves were usually obtained when resistance to flow was high, but occasionally also when it was low. The renal resistance calculated with allowance for so-called yield pressure decreases markedly when arterial pressure is lowered to approximately 80 mm. Hg, reaches a minimum at approximately 65 mm. Hg and thereafter remains fairly constant. The arterial pressure existing at the point at which all flow ceases does not seem to be a practical indicator of vascular resistance in the kidney. An evaluation of data from this investigation led to the conclusion that the changes in renal resistance represent active adjustments in caliber of the afferent glomerular vessels.
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